ABSTRACT. This study aimed to verify that a Bayesian approach could be used for the selection of upright cowpea genotypes with high adaptability and phenotypic stability, and the study also evaluated the efficiency of using informative and minimally informative a priori distributions. Six trials were conducted in randomized blocks, and the grain yield of 17 upright cowpea genotypes was assessed. To represent the minimally informative a priori distributions, a probability distribution with high variance was used, and a meta-analysis concept was adopted to represent the informative a priori distributions. Bayes factors were used to conduct comparisons between the a priori distributions. The Bayesian approach was effective for selection of upright cowpea genotypes with high adaptability and phenotypic stability using the Eberhart and Russell method. Bayes factors indicated that the use of informative a priori distributions provided more accurate results than minimally informative a priori distributions.
INTRODUCTION
Owing to the growing diversity of the cowpea [Vigna unguiculata (L.) Walp.] , which is currently cultivated in three regions of Brazil, it is very important to investigate the magnitude of genotype x environment interactions (G x E) when choosing the best selection strategy and cultivar recommendations (Santos et al., 2014a,b) . Therefore, some studies have been conducted in order to select cowpea genotypes with upright and prostrate sizes that are superior in adaptability and yield stability (Torres et al., 2015a) . Several methodologies are used, including the Eberhart and Russell (1966) (based on linear regression) as well as Yates and Cochran (1938) (traditional) and Wricke (1965) , which are both based on ANOVA (Freire Filho et al., 2002; Rocha et al., 2007; Barros et al., 2013; Santos et al., 2015) .
Despite the large number of methodologies for the detailed study of G x E, all make use of a priori information when estimating the parameters. The inclusion of a priori information can be performed using Bayesian inference. This approach uses three basic concepts: i) initial information (a priori probability), which is generally assumed to be a joint probability law on the parameters before obtaining the particular sample y 1 , ..., y n from random variables; ii) the probabilistic model of the random response variable y, which is used to obtain the sample likelihood, and iii) Bayes' theorem (Cotes et al., 2006) . Thus, in a Bayesian context, the parameters are interpreted as random variables with a probability law (a priori distribution) that reflect the original information (or the lack of information) associated with them, regardless of what the data may show (Molina et al., 2011) . In addition, the homogeneity of variance and the appropriateness of residues to a normal distribution are assumptions for many methodologies, but these are not required with the Bayesian approach (Cotes et al., 2006) .
Despite being a robust statistical procedure with several possible applications, the use of Bayesian inference in genetic breeding is still limited. Mora et al. (2009) used the Bayesian approach to predict the heritability values of forest species, and concluded that this method made it possible to obtain low standard deviation values associated with heritability, which makes it an important tool for genetic breeding. Silva et al. (2013) used the Bayesian approach to select sugarcane families (Saccharum officinarum L.), and found that the informative a priori not only influenced the genetic effects, but it also influenced variance and heritability. Nascimento et al. (2011) formulated a Bayesian approach using the Eberhart and Russell (1966) method, and concluded that the selection of genotypes in different environments was most accurate when a priori information was used.
Thus, in order to generate relevant information regarding the genetic breeding of cowpeas, this study aimed to verify if the Bayesian approach could be employed for the selection of upright cowpea genotypes with high adaptability and phenotypic stability. Moreover, it also aimed to evaluate the efficiency of using informative and minimally informative a priori distributions.
MATERIAL AND METHODS
Six trials using cowpea genotypes were conducted during the 2005 and 2006 agricultural years in the municipalities of Chapadão do Sul and Dourados, and the soil and climate features of the region are shown in Table 1 . The experimental design included a randomized block design with 17 treatments and four replications. The experimental unit consisted of four 5.0 m rows with 0.5 m between each row, and the plants in each row were spaced 0.25 m apart. For each experimental unit, grain yield (YIE) was evaluated in two central rows, and it was corrected to 13% moisture and extrapolated to kg/ha. Treatments consisted of 14 lines (MNC99-537F-1, MNC99-537F-4, MNC99-541-F5, MNC99-541-F8, IT93K-93-10, MNC99-519D-1-1-5, MNC00-544D-10-1-2-2, MNC00-544D-14-1-2-2, MNC00-553D-8-1-2-2, MNC00-553D-8-1-2-3, MNC00-561G-6, EV X 63-10E, EV X 91-2E-2, and MNC99-557F-2) and three cowpea cultivars (BRS Guariba, Patativa, and Vita-7), which were obtained from Embrapa Meio-Norte cowpea genetic breeding program.
Data were subjected to individual ANOVA, and fixed and other treatment effects were considered random. The results indicated that the relationship between the highest and lowest mean square of the individual ANOVA of the residues did not exceed the 7:1 ratio, which allowed the implementation of joint analysis of trials (Banzatto and Kronka, 2006) . The data were subsequently subjected to adaptability and stability analyses using the Eberhart and Russell (1966) method.
The adopted linear regression model of Eberhart and Russell (1966) was:
where Y ij is the observed mean of genotype i in environment j; β 0i is the linear coefficient related to i th genotype; β li is the regression coefficient of genotype i; I j is the environmental index j; and Ψ ij represents the random errors that are compounded by the regression deviation of genotype i in environment j and by the mean error associated with the mean. The environmental index was estimated using the following equation:
where m Y is the overall mean; j Y is the mean of environment j; and n is the number of environments.
According to the Eberhart and Russell (1966) method, genotype adaptability was measured using the parameter β 1i , while the stability of behavior was evaluated using the variance ) and the coefficient of determination (R 2 ), which is an auxiliary measure for stability assessment (Cruz and Regazzi, 2007) . The R 2 value indicates acceptable predictability when σ 2 di is significant and R 2 is higher than 80%. Using this frequentist approach, the hypotheses of interest are: H 0 : β li = 1 versus H 1 : β li ≠ 1 and H 0 : σ 2 di = 0 versus H 1 : σ 2 di > 0, which are assessed using t and F statistics, respectively.
For the Bayesian analysis, we only considered genotypes that were evaluated in either Carvalho et al. (2006) or Valadares et al. (2010) , which were used as references for the specification of a priori distributions (Table 2) . where the likelihood function for each genotype i is given by:
To estimate the adaptability and stability parameters, a priori distributions were assigned for the parameters. The following distributions were considered for β 0i , β li , and σ The equal mean and variance for the reverse gamma values were calculated as follows, respectively:
When we assumed independence between the parameters of these distributions, the joint a priori distributions for each genotype were given by:
To make inferences about the parameter of interest, the marginal a posteriori distributions must be obtained. When we denoted the parameter vectors for each genotype i using the following equation:
where p = 1, 2, 3, the marginal a posteriori distribution for the parameter θ pi was obtained using the following integral:
(i.e., the integral in relation to all vector parameters with the exception of the p th component). In most cases, these integrals were complex and did not have exact solutions. To work around this problem, we used other methodologies. For example, we obtained a sample of the joint a posteriori distribution using the Markov chain and Monte Carlo (MCMC) method, which was used to determine the moments associated with the marginal distributions of interest (Cassela and George, 1992) . In this study, the methodology was implemented using the R software (R Development Core Team, 2015) , and the joint distribution sample was obtained using the MCMC regression function of the MCMC package.
To evaluate the influence of a priori information when estimating the adaptability and sta- bility parameters, we utilized two different models: informative a priori distributions and minimally informative a priori distributions. In Model 1, the informative a priori information was derived from the application of meta-analysis techniques, which were characterized using information from Carvalho et al. (2006) and Valadares et al. (2010) . The 17 genotypes evaluated in the trials were used as references for a priori specification. Therefore, all of the genotypes presented in Table 2 were considered for Bayesian analysis. Information was inserted into the analysis using the assumed values for a priori distribution parameters (i.e., hyperparameters). These values were based on the mean and variance values of the samples that were composed using the parameter estimates obtained from the cited references (Table 2) In Model 2, minimally informative a priori distributions were used, and these distributions represented probability distributions with large variance. The following distributions were adopted: The comparisons between Models 1 and 2 (i.e., between informative and minimally informative a priori distributions) were performed using the Bayes factor calculation (Kass and Raftery, 1995) , which was conducted using the BayesFactor function of the MCMC package. According to Jeffreys (1961) , Bayes factors can be interpreted as follows: FBij < 1 provides evidence in favor of model j; 1 ≤ FBij < 3 provides moderate evidence in favor of model i; 3 ≤ FBij < 10 indicates substantial evidence in favor of model i; 10 ≤ FBij < 30 demonstrates strong evidence in favor of model i; 30 ≤ FBij < 100 provides very strong evidence in favor of model i; and FBij ≥ 100 indicates decisive evidence in favor of model i.
Regarding the stability parameter (σ where MSR is the mean square of the residue provided by ANOVA; and r is the number of repetitions in the trial.
The hypotheses of interest were tested by constructing credibility ranges for the parameters, and the intervals were obtained directly from the marginal a posteriori distribution of the parameters. Thus, the credibility interval (CI) for θ i , with a probability of covering δ, is given by:
where θ * and θ * represent the lower and upper limits of the CI, respectively. Since the Gibbs sampler is an iterative algorithm, it is necessary to check its convergence. In this study, the convergence was checked by applying the Heidelberger and Welch (1983) , Raftery and Lewis (1992) , and Geweke (1992) criteria, which were implemented in the Bayesian Output Analysis package of the R program (R Development Core Team, 2015) . Regarding Bayesian analyses of adaptability and stability for each parameter of the adopted regression model, 110,000 iterations in the Gibbs sampler algorithm with a warm period ("burn-in") of 10,000 iterations were considered. To obtain a non-correlated sample, we considered the spacing between the sampling points of two iterations ("thinning"), which resulted in a final sample size of 50,000. The samples represented samples of marginal a posteriori distributions for each parameter under which the inference was conducted. 
RESULTS AND DISCUSSION
In joint analyses, all of the effects were significant (P ≤ 0.01) (Table 3) , which indicated contrasts between the environments and the occurrence of genotypic differential responses to environmental effects. This can be confirmed by examining differences in the soil and climatic features of each environment, including altitude, latitude, longitude, climate type, soil type, rainfall, and temperature (Table 1) . Similar results were obtained in previous studies that found significant differences associated with the effects of genotypes, environments, and G x E interactions when evaluating cowpea genotypes in multi-environment trials in the Brazilian Cerrado (Rocha et al., 2007; Barros et al., 2013; Santos et al., 2015; Torres et al., 2015b) . The existence of significant G x E interactions for YIE that the stability and adaptability analyses were suitable, and this result was further supported by the fact that edaphoclimatic factors had the greatest influence on the adaptability and stability of genotypes. *Significant at a 0.01 probability level using the F test. Table 3 . Summary of joint ANOVA for grain yield (kg/ha) of 17 upright cowpea genotypes that were evaluated in six environments in the State of Estado do Mato Grosso do Sul.
Regarding the convergence for all simulated chains, the dependency factor of Raftery and Lewis (1992) gave values lower than five, and P values based on the criteria of Geweke (1992) were higher than the prefixed significance level (P ≤ 0.05) (i.e., both criteria indicated convergence of the chains generated by the Gibbs sampler). In order to confirm this convergence, we also used the criteria of Heidelberger and Welch (1983) , which determined whether the chain values were derived from a stationary distribution.
The adaptability and stability parameter estimated values were obtained by calculating the a posteriori means, which are presented together with their respective CIs in Table 4 . In Model 1 (informative a priori), of the 17 genotypes evaluated by the Bayesian approach, only the EV X 63-10E, BRS Guariba, and Vita-7 genotypes were classified as having specific adaptability to favorable environments (β 1i > 1) (CI limits at 95%). The other genotypes were classified as having general adaptability and stability, since the value of 1 fell within a CI of 95%. However, when considering the analysis of genotypes under Model 2 conditions (minimally informative a priori), all genotypes showed specific adaptability to favorable environments (β 1i > 1). Therefore, it is possible to infer that the use of the frequentist model, in which a priori information is not taken into account, tends to conclude that the genotypes exhibit stability and adaptability to different environments, but this does not favor reliable genotype recommendations. Nascimento et al. (2011) and Couto et al. (2015) obtained similar results after evaluating the adaptability and phenotypic stability of alfalfa and popcorn genotypes, respectively. Table 4 . Estimates of a posteriori mean ( , in kg/ha) and credibility intervals (95%) of the adaptability ( ) and stability ( ) parameters when considering informative and minimally informative a priori distributions. By comparing the estimates of the parameters obtained using the two models, similar differences in magnitude between the parameters were observed. Thus, it is necessary to determine which of the two models exhibited a higher quality setting, and this answer was provided using Bayes factor calculations (Nascimento et al., 2011) . With the exception of the MNC99-519D-1-1-5, MNC00-544D-10-1-2-2, MNC00-553D-8-1-2-2, MNC00-561G-6, EV X 91-2E-2, Patativa, and Vita-7 genotypes, all of the other genotypes exhibited Bayes factors that were greater than 10 (Table 5) .
These results indicated that the use of informative a priori distributions provided more accurate results. Despite the a priori information for each genotype that was based on a single study, similar results were found in studies that evaluated the adaptability and phenotypic stability of the dry matter yield of alfalfa genotypes (Nascimento et al., 2011) , popcorn grain yield (Couto et al., 2015) and cowpea YIE . Therefore, it is expected that the results will be more accurate in studies examining the stability and adaptability of other crops that have larger amounts of available information for meta-analysis.
The Bayesian approach, in conjunction with the Eberhart and Russell method (1966), was an effective method for the selection of upright cowpea genotypes with high adaptability and phenotypic stability. Moreover, Bayes factors indicated that the use of informative a priori distributions provided more accurate results compared to minimally a priori distributions. 13.70 MNC99-519D-1-1-5 8.12 MNC00-544D-10-1-2-2 9.12 MNC00-544D-14-1-2-2 9.29 MNC00-553D-8-1-2-2 8.33 MNC00-553D-8-1-2-3 12.60 MNC00-561G-6 9.73 EV X 63-10E 10.80 EV X 91-2E-2 9.21 MNC99-557F-2 11.30 BRS Guariba 11.90 Patativa 9.02 Vita-7 2.29 MNC99-537F-1 11.20 MNC99-537F-4 14.90 MNC99-541-F5
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